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The purpose of this thesis is to investigate and review 
the basic model structure of a tactical air-ground combat 
model, the "Tactical Air War Analysis Game" (TAWAG). Existing 
theater level air/ground combat models (both descriptive and 
prescriptive) are reviewed and compared with TAWAG on the 
basis of a number of criteria. Whenever possible an effort 
is made to draw connections to existing models or point out 
the differences. The goal of this effort is to present a 
clear conceptual picture of the TAWAG model and to compare its 
"heuristic programming" optimization methodology with those 
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conditional probability that an air system 
i of side X(Y) is killed on the ground by 
a k-type ABA-sortie of the opponent 


probability that an i-type system of side 
X(Y) is on the ground when ABA-attack 
arrives 
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enemy's SAM system performance against the 
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probability that an i-type air system of 
side X(Y) can take off for mission u after 
an attack on its base by Баш К-куре 
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ABA-suppression function = probability that 

ground support organization is at its full 

er after an attack on its base by 
k-type sorties of the opponent 


i-type (non-recoverable) air system launch 
rate of side X(Y) 


sortie generation rate for (recoverable) air 
system i of side X(Y) and mission u (sorties 
per At) 


SAM-system regeneration rate of side X(Y) 


runway regeneration rate for air systems i 
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1.3  LAND-WAR MODEL 
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weapon-system types (k = L,... Ny yy) 


firepower score of the k-th X(Y) weapon-system 
type 
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time at which X replacements are scheduled to 
enter the j-th sector for the k-th time; the 
corresponding time step is computed by 
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breakpoint for an attacking X(Y) unit (fraction 
of initial combat capability at which an 
attacking X(Y) unit "breaks off" its attack 

and assumes a defensive posture) 


breakpoint for a defending X(Y) unit (fraction 
of initial combat capability at which a 
defending X(Y) unit "breaks off" its defense 
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call point for Y replacements (fraction of 
initial combat capability at which a call is 
made for a new unit to replace an attacking 
Y unit) 


replacement point for an attacking Y unit 
(fraction of initial combat capability at 
which a Y unit is replaced if a replacement is 
available at the front) 


mission (function) of the:l-th X division com- 
mander in the combat region of the j-th battle- 
field sector at time t. 


mission (function) of the j-th Y sector com- 
mander at time ty 


= (mr mor”) = engagement type as determined 


Jay 
by Table VIII 


fractional casualty rate for an X(Y) unit in 
an engagement of type e as a function of the 
attacker/defender force ratio r" (see Fig. 13 
for typical such curves) 


13 





ДА 


E 5:T) 


X (Y) 


„m 


X (Y) 


Jx (Y) 


XO 


X (Y) 


(S 


Y (X) ,4 
V 


) 


overall attacker/defender exchange ratio as 

a function of (1) the duration of the engage- 
ment T_, and (2) the initial (at the beginning 
of the engagement) attacker/defender force 
ratio (A/D) o (special attrition-process option) 


Opposed-movement-rate function, which depends 
on the attacker/defender force ratio 
(incorporating the disruptive effects of 

CAS) p; here the tactical situation vector 

t is a parameter given Бу т = (e,Q), i.e., 
the tactical situation is described by the 
engagement type and the local terrain 
trasficability (see Fig. WS for typical 

such curves) 


combat-capability value for FEBA movement of 
the disruptive, noncasualty producing effects 
of one CAS sortie by an X(Y) air system of 
type i (i = le. (у)) 


unopposed and noninterdicted movement rate 
of X(Y) reserve units in transit from the 
staging area of the X(Y) rear region to 
the front line 


weighting factor for sortie by the i-th 

X(Y) air system in determining the degrada- 
tion of the unopposed movement rate of Y(X) 
reserve units due to enemy air interdiction 


function that determines the fractional 
reduction of the unopposed and noninter- 
dicted movement rate of X(Y) reserve units 
due to interdiction sorties in the time 
interval [t € 41) 


combat-capability value of Y(X) ground-force 
targets destroyed by one successful X(Y) CAS 
sortie of type i 


combat-capability value of Y(X) ground-force 
targets destroyed by one successful X(Y) INT 
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= time required for an X(Y) unit to assemble 
in staging area after it is ordered to move 
to the front line from the rear region 


= distance that an X(Y) unit must travel 
from the staging area of the rear region 
to the front line 


IDITIONAL SYMBOLS 


Air (ground) resources (air war systems) 
available to side x and y 


ee Na = sequence of rounds to be played 


= air war strategy of x and y 


= fraction of the number xi y and Yt UO 
air system of type i in the inventóries of 
X and Y being allocated to mission y at 


time t 
y 


g = fraction of air war system of type i of X 
and Y allocated to mission u 


= number of systems of type i allocated to 
mission V surviving in interval ГЕ и 4+1 
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= type of mission 


= expected FEBA - movement of sector j for 
the remainder of the conflict (v = Кури Nm) 


= incremental FEBA movement in time-interval v 
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probability that air system i survives on 
the ground on t със boe 


probability that air system i allocated to 
mission u can take off in [t,t 11 


probability that air system i allocated to 
mission yp detects target 


probability that a mission is effective in 
time interval [t,t 44! 


probability that air system i assigned to 
mission y survives in time interval [t rt 


+1! 


ground survivability of an attacked system 


number of effective sorties available at 
time A from air system i for mission 1 


number of i-type units deployed 


number of fighters escorting ground attack 
aircraft 


number of enemy fighters defending against 
ground attack raids 


number of ground attack air systems 


ratio of the number of fighters escorting 
the ground attack aircraft and the number 
of enemy fighters defending against ground 
attack raids 
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ratio of the number of AD fighters not 
engaged by escorts and the number of ground 
attack aircraft 


fraction of air defense fighters which attack 
enemy attack aircraft 


average number of air systems of type K 
attacking i-type air systems on the ground 
in [t 44] 


reduction factor of the sortie production 
capability of the ground support organization 
at time tyr > ES 


number of K-type enemy sorties attacking per 
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I: INTRODUCTION 


Since its introduction in World War I air power has always 
played an important role in the outcome of ground combat. 
Since WW II the improvements that aircraft have undergone will 
make modern warfare more dynamic than ever before, and the 
allocation of air power will play an ever increasing role in 
influencing ground combat outcomes. Thus, it is important for 
the military analyst to help in determining the "best" use 
of tactical air power. 

Starting from the basic premise that tactical air's 
primary role is in (direct and indirect) support of the ground 
battle, several models have been developed to allocate weapon 
systems (of hypothetical general purpose air force alternatives) 
to the basic tactical air missions in such a way as to optimize 
a ground war objective or MOE, i.e., FEBA movement. Most ear- 
lier attempts to optimize the time-sequential allocation of 
aircraft to missions have used a system evaluation criteria 
such as number of tons of ordnance delivered on FEBA by air- 
carft [Refs. 3,4 апа 11]. Such a criteria, however, is a 
surrogate MOE and does not really quantify the outcome of the 
ground war. 

It is well known that tactical allocations have a signifi- 
cant influence on campaign outcomes and often have proved his- 
torically to be frequently much more important than character- 
istics of equipment or the size of the forces. In military 


history we find quite a few occasions when inferior forces 
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defeated superior ones due to wise employment of the former 

and unwise employment of the latter. This, combined with the 
role air power plays in a battle, makes it absolutely necessary 
for the operations research analyst to have a means of helping 
to determine the "best" use of tactical airpower. However, in 
modelling air war strategies and trying to optimize them, one 
should not forget that it is the outcome of the ground-war 
which determines the battle outcome. 

In the past, many investigations of optimal air-war strate- 
gies (i.e., assignments of tactical aircraft to missions) have 
not explicitly considered the evolution of the ground battle 
in their evaluations of air war strateegies [Ref. 11].  TAWAG 
seeks to determine an "optimal" air allocation strategy within 
the context of ground-war objectives and to reflect its influ- 
ence on the outcome of the land battle. Thus it will provide 
quantitative information to decision makers concerning long- 
range planning for operational design of future aircraft and 
eventually being able to investigate trade-offs between air 
and ground systems. 

In Section II.B a comparison of existing models, their cri- 
teria and their weaknesses is given. It will provide the reader 
with an overview of existing efforts in modelling air/ground 
campaigns and lead the way to understanding this model. Without 
detailed E thorough understanding of what goes on inside a 
model, the analyst is likely be left with nothing more than 


a "black box." Therefore this thesis describes and evaluates 
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TAWAG. Further investigations could try to test the model's 
behavior by doing some sample calculations. Wherever possible 
an effort will be made to draw connections to existing models 
or point out the differences. 

The first part of this effort consists of a literature 
survey in order to give the reader some background on attrition 
modeling and on existing models in the USA. In the second part 
follows the model description with its two basic submodels - 
the air-war model and the ground-war model - and a description 
of the optimization methodology. 

In the last part, final comments are given on the model 
in comparison with the other models described in the literature 


survey. 
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ТТ. BACKGROUND AND LITERATURE SURVEY 


In this chapter a brief review is first given on combat 
modelling. This effort outlines the two approaches used in 
the United States for modelling combat attrition in large- 
scale combat operations: 

- detailed Lanchester-type models of attrition in 

tactical engagements 

- aggregated-force casualty-assessment models of attrition 

in tactical engagements (called firepower-score approach) 
TAWAG uses the first approach for modelling the attrition of 
tactical aircraft in the air war and the latter approach to 
represent attrition in the ground war. The second part gives 
a short summary of existing air/ground combat models of both 
optimizing and nonoptimizing types. Special consideration is 
given to the optimization methodology and how the models encom- 
pass the different air combat missions. The third part sum- 


marizes the limitations of the existing models. 


A. BACKGROUND INFORMATION ON COMBAT MODELLING 

For general-purpose forces and conventional war, combat 

models may be considered to fall into two categories; 

(1) those that treat specific combat actions, e.g., a 
small unit infantry firefight, tank engagement or 
air-to-air duel in detail; 

(2) those that analyze large confrontations of force 


aggregations in a campaign. 
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Detailed models that simulate two-sided engagements represent 
the highest degree of realism. But since the combat inter- 
actions as well as the influences of the terrain (line-of-sight), 
etc., are microscopically analyzed and studied, the sheer 
immensity of the volume of the details for the assessment of 
combat outcomes is so overwhelming that not even large scale 
computers are today able to handle large scale operations by 
detailed Monte Carlo techniques. This technique is limited to 
the first category (ASARS II- platoon, DYNTACS, CARMONETTE - 
company, battalion). Analytical models (e.g., differential 
equations) are also used for small unit campaigns. 

For large-scale campaigns two approaches are used: analyti- 
cal models (DIVOPS, VECTOR II) and firepower-score models 
(ATLAS, GACAM, TCM). Both types are much more abstract than 
Monte Carlo simulations. The approaches mainly used in the 
United States for modelling combat attrition (see also Taylor 
[Ref. 20]) are 

- detailed Lanchester-type models of attrition in tactical 

engagements, 
- aggregated-force casualty-assessment models based on 
the use of index numbers to quantify military capabilities. 

The first approach dates back to 1914 when F.W. Lanchester! hypo- 


thesized that combat between two opposing homogeneous forces 


А Lanchester: Aircraft in Warfare; The Dawn of the 
Fourth Arm - No. V, The Principle of Concentration, Engineering 
98 (1914). Reprinted on pp. 2138-2148 in: The World of Mathe- 
matics (Newman, Ed.), Simon and Schuster, New York 1956). 
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could be modelled Бу 


d nw Е - 
gu aY with X(0) = X 
С UY : = 
quo DX with Y(0) Yo’ 


where X(t) and Y(t) denote the numbers of X and Y combatants, 
and a and b are constants that are today called Lanchester 
attrition-rate coefficients. These attrition-rate coefficients 
represent the fire effectiveness of individuals in each of the 
two homogeneous forces. More recent extensions of Lanchester's 
original work and enrichments can be found in References 17 and 
20. Also not free of shortcomings, та По has pointed out that 

"Lanchester's simple differential equation 

models are quite reasonable. They yield results 

that are in consonance with military judgement." 
TAWAG uses this approach in the air-war submodel for modelling 
the attrition of tactical aircraft. 

The second approach, often called the e Ie 
approach is basically a technique for aggregating heterogeneous 
forces into a single homogeneous force on each side. It develops 
one number (referred to as the firepower index) to represent 
the "combat potential" of a unit. In large-scale ground-combat 
models, firepower indices are used as a surrogate for unit 


Strength. They are then in general used to 


Ес. Taylor:  Lanchester-Type Models of Warfare, Chapter 
2, p. 110, July 1977 (to be published). 
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(1) dtermine engagement outcomes, 

(2) assess casualties, 

(3) determine FEBA movement. 
Ещепошай much criticized [Ref. 19] Stockfish [19, p. 128] also 
claims that no satisfactory simple technique for aggregating 
modern conventional forces currently exists. Therefore, since 
conventional forces must be aggregated in many analyses, and 
until a better alternative is developed, firepower scores will 
continue to be used.  TAWAG uses this approach to represent 


attrition in the ground war. 


B. REVIEW OF AIR/GROUND COMBAT MODELS 

The review considers tactical air campaign models for 
determining a "good" allocation of a/c to missions. These 
range from player participation to game theoretic optimization 
approaches. The optimization models while they do determine 
the optimal strategies for aircraft allocations, require simpli- 
fications and abstractions in model development for reasons of 
mathematical tractability in the determination of optimal stra- 
tegies. The fixed strategy models on the other hand are higher 
resolution simulations but are too complex to allow for optimi- 
zation. 

Earlier attempts on modelling air/ground combat are those 
by A. Mengel [Ref. 16], Fulkerson and Johnson [Ref. 10] and 
Berkowitz and Dresher [Refs. 3 and 4]. The conclusions con- 
cerning aircraft allocation range from splitting between ABA 


(period 1 to N in a finite n period game) and CAS (period N+1 
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until n) [Ref. 10] or, depending on pure or mixed strategies, 
splitting between AD and ABA in the case p/q < 2.7 and splitting 
between CAS, AD and ABA using the pure strategy or allocating 
the entire force to AD, ABA or CAS randomly [Ref. 4] in the 


mixed case when p/q > 2.7 where 


p Blue air strength 


q Red air strength. 


Other models included in this review for comparison are the 
LULEJIAN model, DYGAM, OPTSA and TAC CONTENDER as optimizing 
models, and VECTOR, TAGS, TALLY, MINICOM, ATLAS and IDAGAM 
as non-optimizing approaches. 

An important problem associated with a tactical air campaign 
is that of allocating the tactical air force among the various 
air tasks in a competitive environment. 

Table I shows the missions treated by each of the above 
mentioned models as well as by TAWAG and MAMOTAC. Although 
TAWAG encompasses the largest set of missions of all models and 
thus allows more flexibility and perhaps a higher level of 
real world detail, this might as well result in higher com- 
plexity and increased computation time. 

Of the optimizing models, DYGAM and OPTSA consider only 
three basic missions. Except for TAC CONTENDER, TAWAG is the 
only model that differentiates between the defensive counter 
air mission of airbase defense (ABD) and battlefield defense 


(BFD). Except for LULEJIAN, VECTOR and TAGS, the latter two 
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non-optimizing models, попе accounts for fighter escort and 
defense suppression missions beside TAWAG. 

The distinction between ABD and BFD seems to be more real 
because it is most likely that BFD will be preassigned to CAP 
stations near the front lines and ABD similarly deployed in 
rear ares (see also Ref. 11, p. 7). 

1. Model Descriptions and Comparison 

a. LULEJIAN Model [Ref. 26] 

The model, which discribes activities involving 
Army units and Air Force tactical aircraft in mid-intensity 
warfare of the theater level, was developed for use in making 
net assessments, and in generating information for use in 
tradeoffs among weapon systems. Rather than using firepower- 
score-approach to determine attrition and FEBA movement, the 
model is based upon a concept of trading space fo survivability. 
As a result of each side contacting and locating one another's 
forces for direct and support fire, which includes that provided 
by air, losses are sustained by both sides. The daily movement 
of the FEBA is associated with the actual attrition of opposing 
forces relative to their acceptable levels. 

The Lulejian Model consists of a set of aggregate 
Submodels combined in a framework designed to allow determination 
of enforceable outcomes. The five basic submodels are: a 
Logistics and Interdiction Model, a Tactical Air Model, a 
Resource Allocation Algorithm, a Ground Force Management Model 


and a Ground Combat Assessment Model. 
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An aircraft strategy is specified in the model 
by assigning a cardinal number to each of five missions con- 
sidered and thus indicating its priority. The user is required 
to provide a matrix specifying the order of preference of 
available a/c types for each mission. The model translates 
then, for a given force of a/c, the 18 possible strategies 
into a decision vector. The set of decision vectors is, how- 
ever, quite sparse compared to that which would result if the 
TAC CONTENDER, DYGAM or OPTSA (sections B.l d, b and c respec- 
tively) approaches were applied to the case of multiple a/c 
types. 

The Lulejian Model employs a resource allocation 
algorithm that attempts to determine the approximate game value 
and approximately optimal strategies for both players at each 
Stage of the game. The basic approach is to decompose the 
problem into the solution of many one-move games. It is very 
similar to the "successive sweep" method employed by TAC CONTENDER 
(see B.Ld, also [Ref. 27]). 

b. DYGAM 

The DYnamic GAMes solver was developed at Control 
Analysis Corporation [Ref. 25] to solve general multi-stage 
games. The general solution technique used is based upon dynamic 
programming. The main computational limitation of dynamic pro- 
gramming is the dimension of the state space. In order to 
solve a multi-stage game with dynamic programming, it is necessary 
to determine (or estimate) the optimal payoff for each state 


and stage of the game. The approach taken is to approximate 
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these payoff functions with polynomials. Thus it is only 
necessary to estimate the polynomial coefficients for each 
period, rather than the actual payoff function. However, this 
approximation approach may give inaccurate answers due to errors 
in the approximation. Hence, the polynomials are not used 
directly to provide the payoff estimate for each initial state, 
rather, they are used as guideposts for a S evaluation. 
The refined estimate of the game value is obtained by a Monte 
Carlo approach which traces out a number of possible paths 
through the various stages of the game, each of which results 
in a different total payoff. These results are averaged to 
yield the forward value, and are also used to estimate the 
Standard deviation of possible outcomes. 

DYGAM (like OPTSA) addresses the behavioral ges 
Although it obtains only approximate answers, computational 
experience shows that they were very close to the optimal answers 
produced by OPTSA. In addition DYGAM is not limited to 3 
Stages as OPTSA. It has been used to scar 90-stage games. 

The ability to estimate the standard deviation of 
possible outcomes is a useful feature. Thus, the game value in 
a behavioral game is the expected total payoff resulting when 


both players use their optimal probabilistic strategies. 


1: i 
A behavioral game is an extended game (one which uses 


expected payoff) which considers only behavioral strategies, 
where a behavioral strategy is an adaptive one that tells a 
player what actions to take based on the current system state. 
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с. OPTSA [Ref. 6] 

The OPTimal Sortie Allocation models have been 
developed at the Institute for Defense Analysis (IDA) for 
computing percentage assignments of general-purpose aircraft 
to missions by period, where assessments of occurrences during 
the war are performed for a specified number of sub-periods within 
each period. The overall model is a zero-sum, two person, 
sequential game. It only addresses three missions (see Table 
I). Aircraft are of four types: general-purpose, special- 
purpose CAS, special purpose ABA and special-purpose INT. The 
model optimally assigns only MRCA. The assignments of the 
special-purpose aircrafts are fixed. 

Aircraft assignments are performed within the con- 
text of a ground/air war. Three types of ground units on each 
Side, differentiated only by firepower per unit are considered. 
Total firepower, consisting of firepower contributed by ground 
units plus firepower contributed by CAS, is used in forming 
force ratios for calculating casualties to ground forces and 
FEBA movement. The model exists in two different versions, 
OPTSA I and OPTSA II. 

The OPTSA I model includes nine non-adaptive games, 
a game type in which the time-phased aircraft assignments of 
each side do not depend upon the previous history of the 


time-phased assignments of the opposite side. 
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There are three measures of effectiveness, each 
for three specified times during a fixed-duration war: 

(1) FEBA position, 

(2) Cumulative Blue-minus-Red ground-plus-air 

firepower, 

(3) Cumulative Blue-minus-Red air firepower. 
According to the authors, the set of all possible time-phased 
assignments considered in the model is called the set of 
strategies. If the solution on both sides is pure (does not 
involve randomizing over the set of strategies or, equivalently, 
places probability of unity on one of the deterministic strate- 
gies), then the related adaptive game, where knowledge of moves 
made by both sides is used as the game progresses, has the same 
solution and value. The OPTSA II model involves a behavioral 
game. The measure of effectiveness of the behavioral game 
may be any of the nine measures of OPTSA I. The behavioral 
game involves randomization over the actions at each stage, 
where the probability distribution over which the randomization 
is made depends upon the actions selected at previous stages. 

In Reference 6, p. 982, the developers state "The 
OPTSA models solve an aggregated problem exactly." Their quest 
for optimality was motivated by their considerable doubt that 
the solutions to games obtained by other procedures are opti- 
mal for the games being played. Thüs OPTSA is the only model 
that employs a mathematically rigorous optimization technique 
which guarantees finding an optimal solution to a staged game 


on the mutual allocation of tactical air resources. 
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OPTSA's limitation to three stages, however, must 

be seen to be serious when compared to other models. 
d. TAC CONTENDER 

TAC CONTENDER was developed by the Office of the 
Assistant Chief of Staff, Studies and Analysis, U.S. Air Force 
(AF/SA) [Ref. 27]. It is an “air only" computer model which 
simulates the interactions between two opposing tactical air 
forces in a campaign of extended duration. The interactions 
between ground forces are not modeled, but the impact of "air" 
on the ground mission is accounted for by recording the cumula- 
tive amount of ordnance delivered in CAS. 

The war is modelled as a multi-stage, two-person, 
zero-sum game. The model attempts to optimize the strategies 
used by both sides and thus measure the capabilities of the 


fighting forces by estimating what outcome of the war could 


be, if both sides fought optimally. The payoff function is: 


n 
М =  ) (Blue Tons on day i) - (Red Tons on day i) 
1=1 


+ (Total Blue Potential Value on day n+l) 

- (Total Red Potential Value on day n+l) 
TAC CONTENDER attempts to determine a pair of allocation 
Strategies which guarantee each side certain "minimal out- 


comes". If a side were to choose any other allocation it 


could do no better and would probably do worse. 
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Although the current version of TAC CONTENDER 
can address several types of aircraft (up to 10), it basically 
considers only one type of aircraft for each side in its 
optimization machinery (by converting the different aircraft 
types to "equivalent" ones). 

Of the two general approaches to solve sequential 
and differential games - dynamic programming and the variational 
approach - the model uses the latter by identifying a set of 
necessary conditions that solutions in pure strategies must 
Satisfy if they are to be solutions of the game G = (U,V,K) 

(U and V being the strategy sets available to Blue and Red 
respectively and K the payoff function for Blue), and then 
employing a discrete analogue of a technique known as the 
"successive sweep method" normally used for optimal control 
problems with differential equations defining the state of 
variables. 

2. Non-Optimizing Models 

a. VECTOR-O [Ref. 29,30] 

The model, which describes activities involving 
Army units and Air Force tactical aircraft in mid-intensity 
warfare at the theater level, was developed for use in esti- 
mating net assessments performing force deployment studies, and 
in generating information for use in tradeoffs among weapon 
systems. Rather than using the firepower score/force ratio 
concept to determine attrition and FEBA movement, VECTOR-O 


uses Lanchester-type equations that are based on physically 
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oriented submodels of those combat processes whose parameters 
are more readily measurable. 

The first steps of air-war calculations include 
bookkeeping functions such as determining the number of sorties 
flown on each mission per day and grouping aircraft for flying 
their missions. Then attack aircraft (possibly with escorts) 
are followed on various attack RE through a sequence of 
events such as air-to-air combat, target area ground-to-air 
attrition, delivery of ordnance on a/c targets. Following these 
computations, results are cumulated over all groups and missions 
to give expected number of destroyed a/c and expected damage 
to ground targets. Before any air-war effects are computed 


for a given battle day, tactical rules - as inputs by the user - 


The model of Air-to-Air Combat assumes that an 
escorted attack group on mission m is detected by its opponent's 
nino and control system and that interceptors can be vectored 
to the penetrators with a user input probability. Then a given 
sequence of events is followed which concern the interactions 
of interceptors, escorts and attack aircraft. 

For the Ground-to-Air Attrition Red and Blue are 
assumed each to possess two kinds of ground-based air defense 
weapon sites - longe range and short range - uniformly deployed 
within each sector for a given side. Following air-to-air 
combat, an aircraft group is assumed to pass through a portion 


of these randomly located defenses en route to their target, to 


| 
| 
| 
| 
are employed to assign available a/c to missions. 
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encounter any air defenses defending the target, and finally 
to pass through a portion again while returning to friendly 
territory. 

As for TALLY and MINICOM, the approach for attri- 
tion calculations used for VECTOR puts a large burden on the 
user because almost all activities are controlled by user- 
specified tactical decisions. If detailed submodels and analyses 
are available to generate realistic values for all of the re- 
quired quantities, the general approach may be reasonably 
satisfactory. However, it is often the case that at least some 
of the required quantities are functionally dependent on the 
precise numbers and mixture of aircraft types used in a particu- 
lar situation, and these functional dependencies are often 
obscured, e.g., the air-to-air attrition rate in VECTOR not 
being a function of the number of aircraft assigned to air 
defense or the FEBA movement rates depending on the activity 
being performed (advance, pursuit, etc.) for each of the man- 
IS Orces at the FEBA but not being a function of the air- 
ground interactions. 

b. TAGS [Ref. 9,11] 

TAGS-V (Theater Air-Ground Study) is a highly aggre- 
gated computer model that relies on simplified abstractions of 
elements that are treated in greater detail in more comprehen- 
sive models of theater warfare. The model simulates ground 
and air activities on a day-to-day basis. The ground units 
in TAGS-V are defined in terms of homogeneous division equiva- 


lents, 1.е., no distinction is made between armoured or 
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mechanized divisions and infantry divisions. The FEBA moves 
as a unit and is viewed as the average movement of the entire 
theater front. 

The airforces consist of three aggregated aircraft 
types - fighters, attack a/c, and bombers - that may be allo- 
cated among six different missions: AD, ABA, INT, CAS, SAS 
and ES. The CAS mission has two primary effects. First, it 
produces casualties among ground combat personnel, and, second, 
it influences the FEBA movement. Counter SAM (SAS) missions 
are designed to destroy area-deployed SAMs in a rollback opera- 
tion that clears corridors for subsequent deep penetrations by 
aircraft on interdiction, counter airfield, and escort missions. 

The ground forces defend against the offensive 
air strikes by means of antiaircraft fire and SAMs. The ground 
combat is quite simplified. Casualties resulting from conven- 
tional ground combat are based on planning factors roughly derived 
from statistical records of World War II and Korean ground actions, 
and are related to the ratio of combat strengths of the forces 
in combat. Additional casualties are inflicted by CAS sorties. 

The TAGS-V input parameters fall into three cate- 
gories: 

(1) force size and effectiveness factors, 

(2) aircraft allocation by mission, 

(3) a set of historically-based empirical factors 

that characterize casualties and movement 


of ground warfare. 
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Any of the model parameters can be changed as a function of 
the value of any other during the course of the conflict. As 
a special feature any model parameters can be specified as 
having an uncertain value. 

C. TALLY Refs. 31,32] 

TALLY is an air battle computer model developed at 
the Rand Corporation specifically for use in a study of the 
effects of various allocations of NATO tactical air resources 
on a conventional land battle in the Central Region of Europe. 

The basic functions of the TALLY program are 

(1) the allocation of sorties to five missions: 
ABA, "mobility interdiction" MI, CAS, RCN, AD; 

(2) computation of expected aircraft losses both 

on the ground as a result of ABA attacks and 
in the air as a result of either а о 
ог surface-to-air defenses; 

(3) the computation of the expected number of 
weapon-carrying CAS and/or MI sorties which 
survive defenses and arrive over their targets. 

This latter class of sorties can -be used as input values to a 
ground battle model such as the Rand Theater Operations Tacti- 
cal Evaluation Model (TOTEM). 

The current TALLY program assumes a four-cycle day, 
beginning at midnight, where cycles 1 and 4 are night cycles 
and 2 and 3 are day cycles. The user has to define and specify 
many values, e.g., number of cycles per day (optional), airbases, 


including the types of a/c at the base, beginning a/c inventory 
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at each base, sortie generation rate disruption factor, air- 
to-air attrition rates. The expected number of a/c located 
on a base at the time a base is subject to an airbase attack 
is computed within the program based upon the input sortie 
rates of the aircraft on the base, their abort rate, sortie 
length, the disruption factor specified, and the number of 
daylight hours. 

If TALLY is used in conjunction with TOTEM, the 
function of TALLY is to provide sorties of specified aircraft 
type, weapon type, and delivery mode in attacks against spe- 
cific targets in the ground war simulation. The TOTEM model 
is then used to determine the impact of the tactical air sor- 


ties on the course of the ground war. 


C. LIMITATIONS OF EXISTING MODELS 


1. Optimizing Models 


LULEJIAN 1. weakness of optimization methodology 
[Refs. 11,26] 
2. limitation in the number of decision 
vectors considered 


3.  user-specification of priorities 
concerning missions might cause 
conflicts with A/C characteristics 

4. no distinction between ABD and BFD. 

DYGAM l. treats only one A/C type 

[Refs. 11,25] 
2. use of simplistic attrition equations 
3. provides no bounds 


4. по distinction between ABD and BFD 


5. no escort or suppression missions 
considered. 
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OPTSA l. long computer running-time caused 
[Refs. 3,11] by insistence on exact optimality 


2. limited number of stages 
3. по distinction between ABD and BFD 


4. no escort or suppression missions 


considered. 
ТАС 1. incorrect treatment of expected 
CONTENDER . values 


[Refs. 11,27] 
2. weakness of optimization methodology 


3. treatment of multiple A/C types 
is questionable 


4. neither escort nor suppression 
missions considered 


5. inconsistencies in attrition relation- 
ships. 


2. Non-Optimizing Models (Limitation Itself) 


VECTOR l. ABD and BFD not individually 
[Refs. 11,29 treated. 

30] 
TAGS 1. ABD and BFD not individually 
[Refs. 9,11] treated 


2. Shelters not destroyed. 


TALLY 1. ABD and BFD not individually treated 
[Refs. 11,31, 
32] 2. neither escort nor suppression mission 
considered 


3. weakness of attrition methodology 
(e.g., air-to-air attrition rate 
not a function of number of AD A/C. 


MINICOM l. limited treatment of air-to-air 
[Ref. 11] attrition 


2. CAS not considered in detail 
3. BFD and ABD not treated individually. 


ATLAS 1. parameters are difficult to determine 
[Ref. 15] and to analyze 
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IDAGAM 
[Ref. 2] 


highly aggregated and low resolu- 
tion. 


deterministic model 


no relation between rate of advance 
and CAS effectiveness 


suppression not considered 


more detail than can be supported 
by realistic data. 
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ТТТ. OVERALL MODEL STRUCTURE OF THE TAWAG MODEL 


Since ATLAS was developed in the U.S.A. about 15 years ago 
and has subsequently become the most widely used theater level 
model, efforts by model developers to add more realism and to 
assess weapons systems in a wider context to assure their 
marginal effectiveness and their compatability with operational 
and strategic objectives lead to a "complexity crisis." 

The use of such models, in particular large scale theater 
level war games, proved that their immediate potential for the 
assessment of long range objectives for armaments planning to 
be rather limited. High level aggregated analytical or 
deterministic (closed) simulation models seem to be better 
suited for this purpose. They provide the capability to pro- 
cess large numbers of force structures and environments. This 
is due to the uncertainties associated with the forecast of 
long range developments. 

Furthermore the assessment of force structure and armaments 
alternatives on the basis of mutually optimal employment con- 
cepts, (see Berkovitz and Dresher [4], Galiano and Miercot 
[11]), which have proved to often have a greater impact on the 
outcome of battles as equipment and force size, make it necessary 
to develop models which reflect the interdependencies of size, 
structure, equipment and employment of military forces. 

The Tactial Air War Analysis Game (TAWAG) by R. Huber and 


J. Taylor accounts for these considerations. It is to be 
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considered as an element of a "hierarchically structured 
compound gaming approach, in which "Quick Games" are used as 
cursory tools to check the principal viability of innovative 
structures, technologies and operational concepts, and as 
screening devices to reduce system variability and establish 
dominant alternatives for subsequent feasibility analysis by 


means of “Research Games." 


A. THE MODEL 

TAWAG iS an anlytical "Quick Game Model" to aid decision 
makers in the assessment of long-range air armaments policy 
options within the context of high-intensity conventional war 
in Central Europe. 

It may be thought of as consisting of two related time 
sequential combat models, each of which, in turn, feeds the 
other. These sub-models are air combat and ground combat. 
The basic model structure is shown in the following figure l. 
The main inputs to both models are related to the combat 
resources R available to each side, e.g., air combat systems 
(A), ground combat units (G), their initial deployment, and 


their performance in the form of: 


=- sortie survivability a i в. 
MY) 
Psi L 
cone X (Y) 
- ground survival probability (P,,,")+ 
- SAS-payoff function px Lp 
— suppression effects (ns PU 
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- air system launch rate n, 


- sortie generation rate Gh 


), 


XY) 


- SAM-system regeneration rate (Вс yy 


- runway regeneration rate - Y 


X (Y) 


- ground support organization regeneration rate (Q; 


), 


), 


- firepower score of к weapon system Сари 


АХ (У) ¿PX (Y) 


- breakpoints for attacking or defending units ( вр ‚Евр hy 


X 


RU! ' 


- replacement point for an attacking unit (f 


- casualty rate (f Be and 


Х (У) 


- opposed-movement-rate function (F(p,T). 


The modelling of the attrition of tactical aircraft in the air 
war is based on Lanchester-type attrition models. For the 
representation of attrition in the ground war the firepower- 
Score approach is used. 


TAWAG considers the conflict as a sequence of v -» 1l, ..., No 


stages at the beginning of each of which the attacker and 


defender decide upon their employment strategies 0% and o, or 


a round K such that the expected penetration d of the attacker's 
land forces into the defender's territory during the remainder 


ОЕ the conflict (v =k Ка) is as small as possible from 


jr 
the defender's viewpoint and as large as possible from the 


attackers viewpoint. 
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For each given pair of opposing forces В. (СИВ) апа 
ше, во), the model determines the air war strategy o* using 
"heuristic programming" which reflects the mutually best 
employment policies for the air resources На: апа ва in terms 
of their direct and/or indicrect support of the land battle 


with the air resource mix alternatives Be, = В X; хол) 


X 


and к the air resource mix preferred by X is obtained from 


A A 
EL 


and the mutually "best" policy for air resource planning is 


approximated from 


ТА А G .G 
р = mio д Шах д dBi By Rx ) 
Lx ERy 2yERy 
where > stands for preferred, meaning that air resource mix 
; A. A . 
alternative Е ха ıs preferred over Ryn ıff the resulting 
penetration d* of the attacker's land forces is smaller using 
A 
Вр” 
В. THE OPTIMIZATION METHODOLOGY 
1. The Optimization Problem 
There exist several air-ground combat models which use 
optimization techniques to find optional solutions [Ref. 11]. 
But the optimization models, or normative models, while 
determining the optimal strategies for aircraft allocations, 


require simplifications and abstractions in model development 
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for reasons of mathematical tractability in the determination 
of optimal strategies. The fixed strategy or descriptive 
models on the other hand are higher resolution simulations 
but are too complex to allow for optimization. 

The state-of-the-art for determining optimal combat 
strategies is still fairly primitive and can only consider 
relative small problems (in the sense of only a few state 
variables). Most tactical air campaign models which attempt 
to follow an "optimal" allocation policy which maximizes the 
force's effectiveness use an approach based on game theory or 
differential games. Such approaches generate time-dependent 
strategies for both sides that attempt to achieve a saddle 
Beamte solution or mutually-enforceable outcome, in the sense 
that neither side can achieve a better result by using a 
different strategy against the other big optimal LEG. 
Depending upon the representation of time by either a continuous 
Or a discrete variable, the optimization problem is called a 
differential game or a multi-stage game, respectively. 

Solving multi-stage or N-staged games presents a 
severe methodological challenge. In order to obtain solutions 
within reasonable computer running times (or at all), a number 
of simplifying assumptions and approximations are usually 
employed. Some analysts feel that the resulting lack of real- 
world detail in the model greatly limits its usefulness. On the 
other hand, models employing prespecified, heuristically-based, 
Or player-specified strategies can reflect more operational 


detail, since they are not encumbered by optimization theory. 
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Another problem with using optimization relates to 
the dimension of the strategy set. For example, the alloca- 
tion of a multi-role aircraft to the eight tactical missions 
as specified in TAWAG, see Table VI, with a min allocation 
fraction of 1/8 (to permit simultaneous operations) results 
in 6435 decision vectors o, at each point in time,and since 
the dimension of the strategy set increases exponentially with 
the number of decision points or rounds of the game, a 4- 
round conflict would require more than NU DAS allocations 
to be considered for the side operating the multi-purpose sys- 
tem. Even if one would consider only two different aircraft 
types, a penetrator for the offensive roles and an intercepter/ 
escort-fighter for the defensive missions, a four-round con- 
flict would result in 230 decision vectors with the strategy 
set comprising about 3 · Tor possible strategies. Therefore, 
the existing two-sided air campaign models optimizing alloca- 
tion strategies, as TAC CONTENDER, OPTSA, DYGAM, LULEJIAN, 
MAMOTAC and ATACAM, are, except for ATACAM, either restricted 
with respect to the number of missions they consider or the 
number of rounds the air war may last or both. 

Since the authors of TAWAG felt that the explicit con- 
Sideration of the eight essential tactical air missions, 
including the distinction between close air support and (mobility 
and firepower) interdiction, which is not considered by any 
of the models mentioned before (DYGAM, OPTSA, TAC CONTENDER, 


VECTOR) [see also Ref. 11], was mandatory for its purposes, they 
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found that none of the solution methodologies of the other 
optimization models could be employed in TAWAG. 
2. Approximation Of the Optimal Air: War Strategy 

The optimization methodology in TAWAG decomposes the 
N-staged strategy selection game into N sequential zero-sum 
games for each of which the decision vector С, (v= l,...,N) 
is determined under the assumption that subsequent to EN no 
air resources are committed by either side, i.e., the conflict 


continues as a pure land war for t ‚...,М№. This methodology 


+1 


does account for deferred air/ground effects (e.g., of mobility 
interdiction, regeneration of resources). It also maximizes 

the more immediate gains to be obtained in the land battle from 
the employment of tactical air resources rather than the average 
gains over longer periods. 


] 


At the beginning of a round v, i.e., interval [t t 41 


A 
there are x. 
B 


, 


and Yi 4 Of air systems of type i in the inven- 


EI 


Barres of X and Y. Then O « ф; 7 de red ds the 


fraction of the numbers х? 5 and y; " being allocated to 
, , 
mission y at time Е, 


Also TAWAG defines the air war strategy o as a rule 


for determining the sequence of decisions Oy Fares 10 pore On 


T 
concerning the allocation of air resources i = 1,.++ Ny (y) of 
the opponents X and Y to the air mission р = 1l,...,M resulting 
En 
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x E X E AH X,M. 

9 xv NS a ure. 
X,1l X,u X,M. 
TEE Wo: 


с. respectively. 


Each strategy or decision eee will result in a certain number 
B Of effective sorties in mission u at time A under the 


assumption that all available systems are allocated, i.e. 


у wol. = 1% Yi,v. 
Ше 
u 
Another prerequisite is that oe) > 0 has to be an integer 
multiple of gu M , where 
Imin 
Jj X (Y) 
= for М. 2 
ame 2) : 
i 
grid 
i min 
— otherwise 
mA (Y) г 
1 


with mr the number of different missions that air system 
i of side X(Y) may perform. 
With the eight missions TAWAG considers and the differ- 


ent capabilities of the aircraft (see Table IV) this results 


in: 


S 





Air systemi 


CAS 
Interceptor 
Penetrator 
SAS 
Multi-Role 


ТЕМ 





Table ТУ 


, given the effective offensive air support sorties 


E Se Se ci Si at time Е” the ground war model 
rmines, for each combat sector j, the FEBA-movement a; N 
? 
T 


e expected for the remainder of the conflict (v = Кар Np) 


r the assumption that there is no offensive air support 


lable for v > k, thus 


P VER 
sn = } Fy (Sy 
T v=k 


^ 


‚CAS 
pretty yg 


X, INT 
k 


Y,CAS 
k 


Tyree 


k ns 


‚5 ‚5 ‚5 


Ne; 


е в is the incremental FEBA-movement in time interval v 


^ ^ 


gir 0 7 the hitherto selected air war strategies of 


opposing tactical air forces. 
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FEBA-movement is defined in terms of the penetration 


distance into the territory of the defender X (see Figure 2). 


FEBA MOVEMENT 


"P «о - 9 


‘ 


Figure 2 


When the defender X considers the worst case to be expected as 
to ground losses in anyone of the combat sectors j the model 


has to determine for each strategy Me Ot) 


Since the attacker Y attempts to maximize the penetration dis- 


tance into the defender's territory, while the defender X 








attempts to minimize that same distance, this principle 


results in 


ах = min max ак ; Ук 
T ca ci dE 
k k 


ж 


The mutually "optimal" air war strategy Oy at time ty 1s then 


approximated from 


* $ 5k 
22 79 Star) 
K K No 
assuming that both sides have complete information on their 
mutual states and the available strategies. 
The optimal air campaign strategies pursued by the 
opponents throughout the conflict are thus approximated by 


* N A ^ ^ IN 


с < и. 


for which the FEBA-displacement results in 


C. AIR COMBAT 

The principal air-to-air and air-to-ground interactions of 
an air Campaign are indicated in Figure 3 in pictorial form. 
Over the many days of a war, the air forces on either side can 


be used for the attack of the opponent's air bases or attack 
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PICIORIAL DEPICTION OF BATTLEFIELD 
INTERACTIONS AND PRINCIPAL MISSIONS 
Or TACTICAL AIR 


Figure 3 


59 





of the opponent's ground forces. This is called the offensive 


role which splits in 


air superiority - OCA - role 


and 


close air support - OAS - role. 


Or they may be deployed on defensive missions to 


intercept the opponent's attack aircraft - DCA - role 


Distinguishing between these roles, TAWAG considers the 


following air missions: 


- OFFENSIVE COUNTER AIR-ROLE (ОСА) 
l. SAM - suppression (SAS) 


2. Air Base Attack (ABA) 


- OFFENSIVE AIR SUPPORT-ROLE (OAS) 
3. Close Air Support (CAS) 


4. Interdiction (INT) 


- DEFENSIVE COUNTER AIR-ROLE (DCA) 


5. Air Base Defense (ABD) 

6. Battlefield Defense (BFD) 

7. Escort/ABA (EBA) 

8. Escort/INT (EIN) 
Table V 
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'D missions provide the air cover for the land forces during 
ildup phases in staging areas and during transit into the 
mbat region. They are directed at INT- and EIN-missions. 

e interactions between the air systems as well as between the 


r systems and the ground forces are conceptualized in Figure 4. 


ROLE 
Mission 
u SAS | ABA ICAS | INT 1 АВО | ВРО! ЕВА | ЕТМ 


. CAS 
Interceptor 
Benetrator 
SAS 
Multi-Role 
TCM 


1) 





Interceptors provide escort to Penetrators only. 
Mission Capability of Air Systems 


Table VI 


e allocation of air systems to certain missions depends on 
les the air system can fulfill. Generally only three special 
irpose A/C (CAS, INT, ABA) and one general purpose A/C are 
ayed. 

TAWAG considers six notational air systems of which five 


'e specialized and thus restricted to certain missions. One 
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is a multi-role system like the German MRCA. The special 
purpose system also includes the forthcoming TCM (see Table 
EI). 
l. The Air Combat Model 
Before allocating air systems i to missions y and, as 
a prerequisite to the approximation of optimal air war strate- 
gies, the air combat model determines the instantaneous states 


of the opposing air forces x and y, and calculates the number 


X(Y), 


Of effective sorties Si available at time ty from air 
ғ 


system i for mission |. 
The main events that influence the outcome of an air 


mission can be thought of as follows (see Figure 5): 


e, = mission effective 
р air system sur- 
D vives mission 


e_ = mission ineffec. 
air system sur- 
p (1-P_) vives mission 


e, = mission ineffec. 
(1-P) | air system killed 
T i during mission 
e, = mission ineffec. 
MERO) air system 
р T survives on 
the ground 


e- = mission ineffec. 
air system killed 
on the ground 


Figure 5 
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The probabilities are defined as: 


= probability that air system i survives on the 

; ground int Е Е ИЕТ. оО 

» — +1 

EU = probability that an air system i allocated to 

: mission u can take off in [t,t yi (15265 (2) ) 
> = probability that air system i survives mission u 

г ЕЕ ас та. (2) 

Ve OL 

- = probability that air system i allocated to 


mission u detects target (user specified) 


and are determined by the model as outlined in the subsequent 
sections. 


From Figure 5 it can be seen that the probability of 


an effective mission in the time interval [t ,t pé (Y) ,U 
DE ОЕ E355 
is equal to the probability that event e, occurs and can be 


1 


calculated with the above defined probabilities аз 


X(Y),u = jgX(Y),u yX(Y),u 5X(Y) ,u yX(Y) ,u 


EV Gi,v EO Si,v Di. 


The probabilities are calculated in subsequent sections. 
Furthermore, the probability that an air system i assigned to 


mission u survives in time interval [t,t ) is given as the 


v+1 


ore, occur and results in 


probability that the events e 4 


Or e 


1 2 


У, . 

Ed v = P (ei) = P(e,) т Р (ел) 
= Pee ae ermine) Ul (У) и X(Y),u 
Е E [Poi v Реј у x (l -Pri,v ) ] 
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with 


Do = user input sortie generation rate for 
á system i and mission и in time interval 
[e rta) 
and 
Zz = [TN 
1) 
Also, 
p = fraction of the numbers x^ and y? of 
a 


air systems of type i in the inventories 
of X and Y being allocated to mission 
at time t. 


This gives: 


nu # of Blue type i = 
х. = a/c assigned to = X. ф.” 
y mission yu at time Е у 


А # of Red type i a/c A 
DM - assigned to mission 
M u at time ty 


i 
P 
c 

CM 
NS 


which makes it possible to calculate 


"m number of air systems of type 1 Б erste 
= allocated to mission u surviving = 
V jE of a cycle 
in interval [t,t 14) 


Hn 
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for Blue as: 


$ of air systems i # Of Blue type Prob. that air 
assigned to mission b i a/c assigned System i assigned 
Н surviving in to mission и to mission 1 
interval [t ,t ) at time t survives in 
ED A1 V pue 
ЕЕ 
sortie generation sortie generation 
rate for system i + < 1 -irate for system 1 
and mission u and mission y 
in [t,t 44) 


Prob. that air 


system i survives Por СХ, an 
on the ground in 1,» — 
Е) 
and for evade pels: 
i,v 
SH A,u X и 2 Хх, 
а = a ? + 
Xiv ке, - 2) Ро! V en Pi, 0 ^j 
and for Red: 
york рї, М Ү, X,U Y, u 
Ла [P UM С; m t (1-6; ir rn för o < 1 
Eu 
ES = 
ТАЯ" ven - e 
I И Пея "v^ E Poi. + US A "e A otherwise. 


These equations are only valid for recoverable air systems. 


For expendable system (TCM) they are different. 
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This finally leads to the determination of the vectors 


u ИД ЕРА 
Y. Ша y i OS A 
Y 
where 
A # of Blue type i # of air systems of 
КЕ = a/c available at = type i allocated to 
Á time t all mission u at time 
+1 : | 
missions |t. which survive in 
| il) 
ga ) х, 
que 
u 
and 
A = S,u 
Yı,v+1l a) Yi,v 
U 
К.Н 


The number of effective sorties S available at time t. 


IV 
from air system i for mission u depends on the number of type 
i a/c assigned to a mission u at time tyr the probability that 
a mission u is effective in time interval [Est 41? and the 


sortie generation rate for system i and mission u and results 


in 
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и p се for G^" < 1 
l,v El,V 1;,V о 
ES C ] 
xi^ G^ z) E M 2, Ew ] otherwise 
RUN E for G¡'Y <1 
ES c 
УЦ Е - г) =. + 1 E o) A] otherwise 


These equations determine the number of effective sorties in 


each role, which result from the pieces! set of the two 
X: E 


opponents. Especially interesting are the number 5; апа 
B which are used in the Ground War Model to ЕТЕ the 
? 


air induced losses and eventually contribute to the FEBA-movement. 
a. Mission Survivability 

During its "airborne" phase of a mission an air 
system can encounter several incidents that could influence its 
survivability. 

Aircraft that are allocated to ABA and INT or to 
escort missions EBA and EIN may suffer attrition due to area 
deployed SAM defense en route to their targets. The surviving 
aircraft can be engaged by enemy fighters (ABD, BFD) in the 
target area or, if surviving this part of the mission, encounter 
ground-based air defense systems in the target area. 

The model accounts for these events by treating 


X(Y),u 


the previous defined mission survivability P as a function 


Si 
Of: 
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Probability that SAM sup- the Defense Counter 


air systemi — pression , Air Strategies, I 
survives mission strategies' i.e., ABD versus f 
u in [£55 6541) ABA and EBA, BFD 


versus INT 


single sortie survival 
probability when no 
SAS and/or DCA actions 
during mission 


X(Y),u 


; which is 
51 


The last is the basic survival probability P 
the single-sortie survival probability when no SAS- and/or DCA 
actions precede or counter the respective sorties on mission 
и. It reflects the effectiveness of unopposed ground-based 
air defense systems. 
(1) SAM-Suppression Strategies 

SAM suppression, as an Offensive Counter-Air 
method, can be played either as SAM-attack preceding ABA and/or 
INT-mission or in terms of ECM accompanying ABA- and INT- 
missions. The result of SAS is an increase in the basic single- 
sortie survival probabilities for the subsequent ground attack 
and escort sorties. 

The SAS pay-off function Be is a 
monotonically decreasing function reflecting the relative 
reduction of the SAM's sortie attrition capability against i- 


e 1l 
k 


type air systems on mission u as the number S of k-type 


sorties allocated to SAS (u = 1) increase 
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Edu 


ПИ Tor k 0 
в p" ri) => 
[о for si )s*= 800 
Beh is an input. 
auo 21. 
1.0 
> D 
0 800 5, 
i Figure 6 
| this way Ew Es is interpreted as a probability for 


е SAM's performance reduction. To account for different 
ployment concepts (i.e., area or belt-type) and SAS tactics 
.her SAS-payoff functions may be specified by the user. The 


Mee Sortie survival probability of the i-type system on 


‚ssion u subsequent to or accompanied by SAS from 
EE e ¿X(Y),1 | 
= L S% 


sorties is obtained by 
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X (Y) ,ugX(Y),1 


Psi 


" - ES и 


OEA) l 
k Fi (5х ) 


which reflects the full suppression effects. 
A suppressed and/or damaged SAM system may 
eventually regenerate to its original performance. Therefore 


(Y) 


the user can specify a SAM-system generation rate RS which 
is Ned to be constant for sides X and Y equal 1 for ЕСМ. 
This means that SAM-systems return to full effectiveness as 
soon as ECM-SAS ceases. In the case of an attack of SAM posi- 


(Y),1 is assumed to be 


tions prior to ABA- and INT-missions Re 
0.5. If the SAM-system has not yet fully regenerated before 
subsequent SAS missions take place, then the model accounts 

for this by modifying the basic single sortie survivability. 


Considering the damage done by SAS, the model 


evaluates the single sortie survival probability at time 


Kr), 1l 
V 


Е > Е) i.e., after a SAS by S sorties at time Е, as 


y* 


Y) li Y (X) O 
Psi 57 )+85 КРС 
ХЦ 2 ВЕ 
(S. ) Pei jfer (t x 60) <=уту 

EU X(Y),l1 a 5 
Е, ода 

p* (Y) ,u otherwise 

за 


where К) сие Е -tj)/At is the number of time intervals 


v* 
Of length At elapsed since the last SAS effort. 
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(2) Air-to-Air Combat Encountered by ОСА 

Another modification of the basic sortie 
survival probability is due to the possibility that ABA- 
and INT-missions whether accompanied by fighter escort sorties 
(EGA, EIN) or not might encounter enemv fighters (ABD, BFD) 
in the target area after they sustained losses from not 
suppressed SAM sites. 

The number of surviving ABA, EBA or INT, EIN 
air systems en route to their targets which can be engaged in 
a dogfight by enemy defense fighters depend on the number of 
effective sorties E 2_ сере = 2, 4, 7 and 8 and the effective- 
ness of the enemy's SAM system as calculated in the previous 
section. 

The modelling of air-to-air combat assumes 
that an escorted attack group of attackers (ABA, INT) on mission 
u is detected by its opponent's warning and control system and 
that interceptors (ABD, BFD-fighters) engage the attackers in 
the following events: 

- Escorts are assigned to attack interceptors in опе-оп- 
one engagements. Excess escorts are idle; excess inter- 
ceptors are not attacked. 

- Each attacked interceptor counterattacks against the 
attacking escort and does not engage an attack aircraft. 

- Interceptors which were not engaged by escorts engage 
attack aircraft. Ground attack aircraft don't fight back. 
Excess interceptors are idle, excess attack aircraft are 


not engaged. 
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- All attack aircraft engaged by interceptors jettison 
their ordnance and abort their mission in order to evade 
the interceptors. 


Given the probabilities (user specified) 


за = probability that an i-type ground attack sortie 
of side X(Y) survives an attack by one k-type 
ABD- or BFD-fighter sortie of the opponent, 

— Aim = probability that an i-type ABD- or BFD-fighter 
of side X(Y) survives a dogfight with a k-type 
escort fighter of the opponent, 

a = probability that an i-type EBA- or ElN-fighter 
of side X(Y) survives a dogfight with a k-type 
ABD- or BFD-fighter of the opponent, — 

where 


С denounces a ground attack fighter on ABA (u = 2)- 
or INT (u = 4) mission, 


E their escorts - EBA (u = 7) and EIN (u = 8) and 
F their fighter opponents on ABD (и < 5)- and 
BFD (u = 6) missions. 


The probabilities of survival in these DCA-encounters are 


determined as 


Х (У) S 


1 or T ae 
A XX) 
X(Y),G Х(Ү),СЕ, ү X (Y) X (Y) 
si (Psik ) И Тот n EST. Y pu 
u or би, for dE ny 
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Es 
Be ER , for NM <1 
Eum s for пі (0) > 1 
Sik 
un 
SELL XQ) PXQ),FES gg YO) lu 


Sik É 


With n being the ratio of the number of fighters escorting 
the ground attack aircraft versus the number of enemy fighters 


defending against the ground attack raids, 


ZAX) E 
pA (Y) ES so 
gY (Y),F f 
k 


number of air defense fighters 
оре иа no e engaged by, escorts 
Y number of ground attack alrcraft 


fighters escorting the ground 
attack a/c 
number of air defense fighters 


(ae of air Du number of fighters 


5Х (У) 


fraction of air defense fighters which attack 
enemy ground attack aircraft. 


The thus derived probabilities modify the probability m 


that air system i survives the mission u such that 
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Хон _ ХХ), и 


POY oe LY), 
So BES v (S r 


Е ET 


ES) 


which determines the number of effective ABA- and INT sorties 


E and En IE and the number of surviving air systems 
? ғ 
go yo rt 


mno 1,v 
(3) Modifications to the Air-to-Air Combat 

The following section briefly presents modifi- 
cations to the original model. 

In the original model all attack aircraft 
engaged by interceptors jettison their ordnance and abort 
their mission in order to evade the interceptors. 

The modification enables the attack aircraft 
to counterattack the interceptors after dropping their ordnance. 
This situation will only occur when there are excess interceptors 


not engaged with escort fighters. Given the probability 


К° probability that an i-type ABD- or BFD- 
fighter of side X(Y) survives a dogfight 
with a k-type ground attack a/c of the 


opponent 


the probabilities of survival in the DCA-encounters as calcu- 


lated in section l.a.(2) have to be modified. 
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bl) 


The existing model doesn't take into consideration that 
the ground attack a/c (bomber) could engage in a dogfight 
with enemy fighters (interceptors). | 

An extension of the model might take a look at this 


possibility in the following way: 


а. Езсог+ Fighter (ABD, BFD) 


CEC OC A NSS i ЗОВ > el 
D- F= E 
F- E ща. 
2 
СВЕ -Е) 
Figure 7 


Meche $ of Escort a/c > # F (ABD, BFD) [п > 1] - then 
all bombers will go through. 

If the # Escort < # F then part of the ABD or BFD 
fighters, (F -E) attack the bomber. The bombers drop 
their ordnance and engage in a dogfight with the 
remaining fighters. 

The maximum number of attacked bombers depends on the 
difference (F -E). 

If (F-E) > G all ground attack a/c are attacked and 


the survivability is calculated as 
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KL) 


EG X (Y) ,GF, Y X (Y) 
POSU (Psik ) ‚п < 1, 
oo E 
b2) If (F-E) «OG then some of the ground attack a/c 


(F-E-G) will finish their mission with the basis 


2T 
S 


survivability P i and the rest engage with the ABD 


or BFD fighter with the probability of survival 


^X(Y),G m0 Iu СЕ 

Psi,v р и (1 Psik ) 
n^ а < І, 
а СИ 


The modification however changes the survival probability of 
the defense fighters due to the dogfight with ground attack 


a/c in the following way: 


а.1. ТЕ there are more escort fighters than defense fighters, 


1.е., 


КУ, Е 
БА V 
US A? 
3) 
there is no change because all defense fighters are 


engaged with the escort fighters. 


If n» 1, there are two cases: 


b.1.1. There are more defense fighters, not engaged in a dogfight 


with the escort fighters left than there are ground 
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attack fighters, 1.е., 


amu ovo = 
Y хи < LEDNLOr ONE —BE) > 6 
age) 


this amounts to that a fraction of the difference 

F-E-G of defense fighters are in a dogfight with ground 

attack a/c, and the fraction of defense fighters 

neither engaged with escort fighters nor with ground 
IE 


attack a/c is idle and their Pei $ = І, 


b.1.2. The fraction of defense fighters not engaged with 
escort fighters is outnumbered by ground attack a/c, 
i.e., y < l or (F-E) < G, then all the remaining defense 


fighters are in a dogfight with the ground attack a/c 


X(Y) ,GF 


and survive with probability Poi k 


b. Air-To-Ground Attrition Due To Air Base Attack 

The TAWAG model considers two types of air base 
attacks the collateral damage of which may lead to a temporary 
suppression and degredation of ground support activities. 

The first mode is General Aba where the air systems 
allocated to ABA are uniformly distributed over all enemy 
systens, i = a. un 

The second mode, Concentrated Aba allocates all 
ABA-sorties to one enemy air system. In both cases, the sorties 


may be directed to either of the enemy's air systems on the 


ground or at the takeoff and landing facilities. 
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(1) Ground Survivability 
In III.C.l two probabilities were defined 
and used in subsequent sections but not evaluated yet. Іп 
the chain of events in Figure 5 the events ел апа es relate 
to the possibility that air systems are killed on the ground 
or that the runway is damaged before they can take off for a 


mission due to the enemy's attacking the air base. 
А) 
с1, 


) is calculated as follows: 


The probability P that air system i 


survives on the ground in ГЕ, 


probability probability average number 
that air system that i-type of air systems 
i survives on = fg air system is ; of type k attacking ; 
the ground in on the ground i-type air systems 
ЩЕ „+ ) when ABA occurs on the ground in 
D vtl 


probability that 
i-type air system 
is killed on the 
ground by an 
attacking k-type 
sortie 


The conditional probability part) that an i-type system is 
killed on the ground by an attacking k-type sortie, and the 


X 
S 


when the attack occurs are user specified inputs. 


probability P T that the attacked system i is on the ground 


The average number of air systems of type k 


attacking i-type air systems on the ground in ENTENTE is 


different in the two modes: General ABA and Concentrated ABA. 
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It is calculated as 


(а) General ABA 





хА 
1:710 gYr2 
D x^ KV 
Y i mu» 
Окі, у 5 X A Ук 
P X. 
Bi 1, V 
yA 
TEY a 
5 A К, У 
X i iv V 
Dri ,v pi A k 
Bi Yi,v 
(b) Concentrated ABA 
5,2 
УА = Io a 
Drei ,v = E: TA ; for ^1 5 ] 
Bi 1,9 
0 otherwise 
5Х,2 
k,v x 
X Y Е formi =] 
D. - Ber уй 
Ка Y Въ с 1.) 
0 otherwise 


The ground survival probability then results in: 


RS pu X (Y) X (Y) ES) 
Poi,v АЕ. : Рстк. + (1 Рві 
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where 


pY (Xx) 
к Y (X) 
(1 Prix ) ; for D > I 
X (Y) 
PGik 
EC Y(X) Y (X) 
EEG NES er Phi 


(2) Runway Availability 
Е ХЦ 
The probability Pri Y that an air system 1 
a 
allocated to mission u can take off is a function of the number 
of k-type enemy sorties attacking per base or runway used by 
i-type air systems, and the runway repair capability of the air 
base organization after an ABA attack. 


The runway repair capability can be expressed 


Х (У) 


in terms of a user specified rate T: , at which the probability 


for take-off increases (back to 1) per time interval At (0.7 
E — 1: 0.5 for i = 2,...,5). 


Similar to the SAS-payoff function the mono- 


tonically decreasing function Bp e reflects the reduc- 
7 


Y (X) 
ki 


enemy sorties attacking per base or runway increases. 


tion in runway availability as the number H of k-type 


E). ! X (Y) E 

gi, is defined as Er ME 
AM = 
i,u = : 
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апа 


X (Y) (Y) Е Х (У) _ 
e ISDEM ror "HEU = 0. 


Y (X) 


For the two ABA modes the calculation of Hyd y 
P 


results in 


sY (X) ,2 
Y(X) _ Ку 
Нк: у aim (General ABA) 
a 
1 
с  (Х) ,2 
---- , for 1 = 1 
дан 
Е. 
EL, Y (Concentrated ABA) 
0 Е otherwise 
| X (Y) y 
with n; denoting the number of bases or runways used by 


i-type air systems. 


The probability for take off then results 


in 
LD A ОО а ай 
for a < X 
i 
CAS O) = 
l otherwise 


19 





where tj, ^ t, and EN denotes the time at which the last ABA 


occurred. Also k ÉOI ertt -tj)/At expresses the number 


y * 
of time intervals of length At elapsed since the last ABA- 
attack at t 

The model also allows for considerations that 


subsequent ABA missions take place at a time tx such that 
At 


Ext) < (үу (i.e., runway has not yet been fully repaired), 
by calculating the combined effects as NES Ue related 
? ? 


to the previous and the new ABA. 
(3) Suppression Effects 
Collateral damage from ABA-attacks, which might 
temporarily reduce the sortie production capability of the 


ground support organization is specified similar to the defense 


suppression by the ABA-suppression function gioi as 

, 
the probability that the ground support organization is at 
its full capacity after an attack on its base by Hoe k-type 


sorties of the opponent. 


It results in a sortie generation rate 


Y (X) 


A AM), Б, 
i Ком 


е = е 5 
0 і о, 


) 


where си, is the i-type system's sortie generation rate 
per time interval At = Е 41 ТЕ) (V = 1,...,N4) in an OCA- 


free environment and the second expression is the reduction 


factor at time С which yields 
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XM NA) 0 xev Y (X) 
hi y Hi.) tO; k,tl-h; ,, (Неру) 
Де 
A ОХ (0) 
YX) _ 1 
EN x9. us 
1 otherwise 


К (У) 
a 


Q being the regeneration rate of the i-type ground support 


organization and К as defined before. 


р. GROUND COMBAT - THE GROUND WAR MODEL 

In the ground war model the firepower-score approach is 
used to determine the FEBA-movement resulting from the inter- 
actions between the opposing ground forces and from the effec- 
tive offensive air support sorties of the opposing air forces, 
The firepower-score approach is an index number method for 
aggregating the heterogeneous forces of each side into a single 
equivalent homogeneous force, The term firepower-score is 
usually taken to mean the value or capability of an individual 
weapon or weapon system where the term firepower index iden- 
tifies the index number for a unit's capability as the summed 
firepower scores (or military capability of some aggregation 


of diverse weapons). Mathematically 


where 


Si =  firepower score of ith system of the X force 


8l 





» 
li 


i number of effective weapons in unit 


I 


X firepower index of the unit. 


Firepower indices are used to 

- determine engagement outcomes 

- assess casulaties 

- determine FEBA-movement. 
This is done by three component processes to be described 
later: 

И щнаб ста стоп 

(2) movement 

(3) command and control ey 

1. The Battlefield 
The battlefield is divided into sectors. The number 

of sectors and the width of each sector can be varied by the 
user depending on the terrain, natural and artificial obstacles 
(e.g., forests, rivers) etc. Each sector contains a combat 
region and a rear region. Ground combat takes place only in 
the combat region of the sector. The combat forces are separated 
by the FEBA the initial position of which is given by the 
demarcation line (see Figure 9). To represent terrain, each 
sector is divided into terrain-trafficability segments (see 
Figure 10). Within each such segment, the terrain traffica- 
bility is assumed to be homogeneous. There are three types 
of terrain: normal, fortified zones, and minefields which 
spread throughout the sectors starting at the demarcation 


line. Thus, each sector can have its own "terrain features." 
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2. Aggregation 
The combat capability of the ground force which is 


considered to consist of homogeneous units (divisions) is 
quantified in terms of a firepower index. The initial (TO&E) 


stregnth is given by 


no 
2 y SE 
X wey X К 
С 
n 
c9 я SK E 
Y sie 
where s denotes the firepower score of the k-type subunit 


X (Y) 


or (sub) system of X and Y (k = вт 0 O 


xy)?’ and х апа vn 
their initial numbers. As an example how the firepower indices 
are computed, blue and red division are aggregated as follows 
(Table VII). The resulting firepower index for a Blue Tank 
Division and a Red Motorized Division would come out as 61680 
and 40940 respectively based on the above firepower Scores. 
But it should be mentioned that this is only an example and 
the input for the firepower scores and the number of weapon 
systems in the different divisions must be provided by the 
user. The ground war model provides a different replacement 
policy for each side. 

Y replaces its initially available пат па ЕБ rn total 
when their combat capability drops below a certain level by 


RY ; : ; 
P reserve units from the rear region of a sector. Thus, in 
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weapon firepower |firepower 
system score score 
Blue Red 


Rifle 


APC (MG) 


ATW K 


m 





Weapon System Combat Capability 


Table VII 


each sector j, the number of Y combat units never exceeds 
nz. and the combat capabilities of all units are always iden- 
tical. The units in each sector j behave as one unit as far 
as replacements are concerned. 
X is assumed to commit reserves as soon as they 
arrive in the rear area. Therefore, the units comprising the 
X combat forces in each sector may not be identical with respect 
to their fighting strength because of different lengths of 


time in combat. Thus, X units need to be tracked individually 


rather than merely counted as for Y. 
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3. Combat Processes 
Combat is modeled by three processes: 
- attrition 
- movement 
- command and control. 
The attrition and movement processes are represented by a 


system of three first-order, difference equations for x Ер 
? 
С 


ВЕ y? апа ЕЕ where 
х5 b denotes the combat capability of all X ground 
, 
forces in the combat region of the j-th sector at 
time t, 
V 
y: E denotes the firepower index of all Y ground 
, 
forces in the combat region of the j-th sector 
at time tr and 
d; 7 denotes FEBA position in the j-th sector at time t 
, 


The command and control (c^) process is represented by a logic 
which simulates tactical decisions by the unit commanders 
resulting in 

(1) arrival of new units 

(2) departure of old units 

(3) tactical behavior of units. 
Under tactical behavior the behavior of units at varying levels 
of losses (unit breakpoints) iS meant. Examples for the tactical 


behavior of X and Y units is depicted in Figures ll and 12. 
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© 


must withdraw) 


Figure 12 
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a. The Attrition Process 

The model considers two types of possible losses: 
ground-induced and air-induced. The ground-induced losses of 
combat capability are developed from "ATLAS-like" casualty 
curves (see Figure 13, and [Ref. 15]). The air-induced losses 
result from the opponent's close air support activities in 
the combat region. In the rear region enemy air attack (inter- 
diction) is assumed to be the only source of attrition. Losses 
in the rear region need therefore to be treated differently. 

(1) Combat Region 

For the X-force the combat capability 


at time TE is equal to the combat capability at the 


Jl 
previous time ty reduced by the losses suffered in the time 


interval [t ty, 


1) of length At, 1.е., 


G Ge ground-induced, _ pair-induced, 
У+1 V losses of X losses of X 


The ground-induced losses are a function of (1) the attacker/ 
defender (A/D) force ratio (i.e., A/D - ratio of firepower 
indices for all ground forces in the combat region of a sector, 
and (2) the engagement type. They result in 


G 


ground-induced G 
# (гое) (ДЕ) Xj 


losses of X 


where 


E) denotes X's fractional loss in combat 
capability per day from enemy ground- 
force activities (from ATLAS casualty 
curves (see Figure 13)), 
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ATLAS 


DIVISION CASUALTY RATES AS A FUNCTION OF FORCE RATIO 
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Figure 13 
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Е denotes the attacker/defender force ratio at 
time t, xS/yG or yG/x6, 


е, denotes the engagement type at Е» апа 


At denotes the length of the assessment period. 


The engagement type is determined by the mission of the 


opposing commanders in a sector (Table VIII). HENCE 


V V 
e$ + e Mpy Му) 


It should be mentioned that the method for computing force 
ratios is rather simple and does not reflect real actions. 
Since no attrition occurs to airpower in the ground model, 
that contribution to value should not appear in the force 
ratio for the purpose of having it "attrited." The force 


ratio is computed in ATLAS and TAWAG as follows: 


Red's Total Ground Value in Sector 


Force Ratio шири с систпосвайнедс value in Sector 
A/D Blue's Total Ground Value in Sector 


+ Blue's Total CAS Value in Sector 


The air-induced losses of X's combat capability which result 
from the opponent's Y close air support (CAS) activities in 


time interval [t,,t ) are computed as 


+1 


ny 
alr-induced у at 5,3 
7 i “i,v 


1 
losses of X J i 


pas 
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and reflect one part of the air activities' contribution in 
support of the ground battle. 


The air-induced losses are a function of the 


number of effective CAS sorties, SE 
, 


generated by the i-th 

Y air-system during a time step, the value а; of X's, destroyed 
ground-force targets by one effective Y CAS sortie and the 
number of sectors J into which the entire battlefield has been 
divided, under the assumption that all Y CAS sorties are uni- 
formly distributed over the sectors. The number a; and J 


> 


. Y 3 е . 
are user inputs whereas Si, depends on the air war strategies 
7 


chosen by the opponents. 


Then, the ground-combat-capability at a time 


tol 1s computed for X as 
A 
Пу 
E № G Е С р У, 3 
ши = x, в бе ее, А) = 2 a S: 


for Y accordingly. Since the combat takes place in the sectors 


only, the above equation becomes 


» 
c 

> 

ct 

J 
aje 
la 
e 


n Cone accordingly. 
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Due to the different replacement policies the losses of the 

x and Y forces need to be counted differently. Since all the 
Y ground-combat forces in the combat region of the battlefield 
sector are treated as one unit, no distribution of the overall 
Y losses to the component Y divisions is necessary, whereas 
for the X force, under the assumption that all losses are 
distributed uniformly to the x divisions within the combat 


region of a secotr, the 


G 
pon ! 
Е И ae 
Cy = Cy =) for all *£ с Ize 
AX. 
7,“ 


where IJ!” denotes the indices of the X units that are effective 
in the combat region of a sector at time ty* 

The ground war model also offers a special 
option for the computation of losses. It reflects the tacti- 
cal considerations of some new possible NATO defense strate- 
gies. Instead of evaluating the exchange ratio with the fire- 
power indices, the overall exchange ratio is computed from 
curves depicting its dependence on the length of the engagement 


EE Ut. which is "broken off" by the defender. It reflects 


E 
the idea, that with increasing time the attackers of fortified 
positions become more and more aware of the defenders' posi- 
tions and therefore their fire becomes increasingly more 


effective. The ground induced losses for both sides become 


with this option 
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(1) Y's ground-induced p G G 
casualties NM: Ey 4 v9 , y) Y3,v ТЕ 


using ATLAS casualty rate curves 


(2) (Кв ground-induced, _ (i8 ground-induced (Overall ех- 
casualties casualties change ratio 


) 


from curves like Figure 14. 


OVERALL 





EXCHANGE (А/О}0 = С 
RATIO 
AA 
30 (A/DIg + В 
| А > В > С 
(A/D bg з А 


—— LENGTH OF ENGAGEMENT ТЕ 


2 Dependence of the Overall Exchange 
Ratio on the Length of Engagemen- 


Figure 14 


(2) Rear Region 
The attrition process in the rear region 
differs from that in the combat zone insofar that only air- 
induced losses from enemy INT-mission account for losses to 
ground force units, and only when they are assembled in staging 


areas or when they are in transit from their staging areas 
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. to the front. Vulnerability in both cases is assumed to be 


the same and is defined by the value Be of ground force 
units destroyed by one X(Y) INT-sortie. 

TAWAG leaves the user two options. Inter- 
diction being distributed equally among all sectors (general 
INT), or concentrated in one sector (concentrated INT). 

For general INT and concentrated INT the 


combat capabilities are 


ny 
GSA Со GSA _1 X х,4 
Y3,v41 Yin J P Bi Siv 
and 
A 
Rx 
GSA = ySSA _ у вх gX4 
Yıc,v+l Y3c,v E IV 


respectively. The equation for the X ground forces are similar 


with only E computed as 
? 


dE) 
там CX 
lelzsa 


due to the different replacement policy. 


b. The Movement Process 


(1) Combat Region 


The attackers rate of advance in each sector 


is determined as a function of defender posture, terrain, 
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and the prevailing force ratio of attacker effectiveness to 
defender effectiveness. 
The ground war model determines FEBA movement 


by the FEBA-movement equation as follows: 


4+1 = а, + F(p ;T,) (At) 


where the expression F(p FT) (At) is the change in FEBA 
position in the sector at time tj. Several factors not usually 
accounted for are included in the above equation: 

F(0,;T ) denotes the opposed movement rate (see 


Figure 15), values are to be taken from 
that figure. 
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Figure 15 
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The curves are derived from Rex Goad [Ref. 33]. р. denotes 
the attacker/defender force ratio (including the disruptive 
effects of CAS), and вы = (е QJ) is a vector and denotes the 
tactical situation at time EN with е, being the engagement 
type at time tr and о, the terrain trafficability at time 
Е): The FEBA-movement in a given sector is computed accordingly. 
To account for АУ» even noncasualty 
producing effects of a CAS sortie the A/D force ratio is 
computed differently compared to the method used so far by 


embedding a "combat capability value" Ky of those effects, 


ше. , 


A 
X 
G l i x 
2 3 Ку SEN 
D. ТИ —— БЕ when X attacks, 
ny for Y similarly. 
G J С 
SAT L Ку Ss 


(2) Rear Region 
The movement rate of reserve forces which 


move from the staging area to the front is simulated by 


AO z y) 


Y (X),4 
j,v у (5 


0 Jx (y) y ) 


where 
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А 
Ny (x) 


wt O0 gY(X),4 for concentrated INT 
A X 1,V 
1=1 
B x) ,4 
S 
= times the above for general INT 


The value for the parameters for the reduction of unopposed 
movement rates of reserves from INT must be specified by the 
user. The authors suggest values of 20 kilometers/hour for 
both ух апа ve and 1.0 for па 

The functions lc a and. g,, (S7! 7) are 


montonically decreasing functions that reduce X's and Y's 


movement rate Ме due to enemy INT. They are proposed as 


(500 - 51/4) /500 for 0 < 81, < 500 
ER 
9у (5, ) = 
| 0 for 500 < 51,7 


and for 9, (571) similarly. 
с. Command and Control en Process 
(1) Combat Region 

To simulate the tactical decisions of the 
section commanders, the ground-war model takes into account 
the ground-combat capability of the ground forces in the given 
sector, the A/D force ratio of the opposing forces in that 
sector, the FEBA-position in the sector, all at time Е, апа 
evaluates the mission of the section commander as a closed-loop 


control 






x 
|| 
‚> 
Хо. 
AN 
U 
< 
в 
LJ 
< 
Q 
LJ 
c 
ct 


and 


REC similarly, 
and according to Figures 11 and 12. 

It should be noted that for the Y force in 
a Sector the mission му," = stop and defend is considered if 


the combat capability Ys " is less or equal to the fraction of 
a 


Ау Сб DY G 


Евр Y3,0 but greater than Ево Y3 0° Similarly 


My’ = withdraw 


will be executed ifthe combat capability of a defending unit 
in a sector falls below the fraction of the original strength 
determined by the breakpoint for a defending unit. 

For the X forces the calculations are similar, 
but the missions of the divisions, мо 2,» , in a sector must 
sometimes be considered separately, since different X divisions 
may be in the combat region for different lengths of time, thus 
My = M rr t) 

Similar to the before mentioned decision factors, the mission 
stop and defend or withdraw of the units are evaluated corres- 


ponding to the fractional strength of the unit. The following 
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missions are implied by the authors: 





DEFEND Ory 0с Tel 
i = 
| O DX 
WITHDRAW for Q < Ех < Евр 
where 
l,v 
E" — Cy 
с0 
x 
ATTACK for en ЕИ то 
Що _ рү US AY 
HH DEFEND a Nr MN а 
иго DY 
WITHDRAW for 0< f,  < fap 
where 
ус 
#3 = jey 
У G 
11,0 


The engagement type е; Y is determined from Table VIII given 
? 
the pair of missions ar меди 
The model has a built-in termination rule 


which becomes effective if Me? = WITHDRAW for all 


Ш Е COMM in any sector. 
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(2) Rear Region 
The с2 process in the rear region deals with 
the transfer of units from the rear region to the combat region 
requiring that 
(а) a unit must first remain in the staging area for a 
given time to assemble Tar 
(b) a unit must then move a given distance from the staging 
area to the front line Dp 
During assembling and marching to the front line, a unit is 
exposed to enemy INT which causes delay. 
Other assumptions inherent in the model are: 
(a) replacement units are scheduled to arrive as functions 
of time only, 
(D) when X reserve divisions arrive at the rear region, they 
are immediately dispatched to the front, 
(C) as many divisions as possible are dispatched to the 
front whenever bs I, ^ 


(d) units disperse and new units are called into the 


(see Figure 12), 


Staging area if Y units in the rear region are 


attrited to a fraction a of their original strength. 
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ТУ. FINAL COMMENTS 


TAWAG was developed to investigate questions relating to 
force structure planning, e.g., offensive versus defensive 
systems, direct or indirect offensive air support systens, 
multi-purpose versus special purpose systems. By providing 
the reader with an a priori evaluation of the model, the goal 
was to provide the reader with some feeling as how state-of- 
the-art TAWAG is. The ultimate evaluation would be to compare 
the predictions given by the model with real combat data. How- 
ever this is currently not feasible for any combat model. The 
next step would be to exercise the model to gain insights into 
the complex random process of air/ground combat, in particular 
as to a/c allocations influence ground combat, and insights 
into the balance between achieving air superiority on the one 
hand, and providing close air support on the other, and the 
transition between emphasis on one and then the other component 
in an optimal strategy. Although this would be highly desirable, 
it was beyond the scope of this thesis to do that. Such work 
is highly recommended for the future. 

The optimization methodology used in TAWAG is a heuristic 
one and can be labeled as an approximate optimization. The 
advantage of so-called approximate game solvers like TAC CONTENDER 
and DYGAM are that they can treat much bigger staged games in 
reasonable running times than rigorous game solvers like OPTSA, 


Where the former treat up to 90 stages, the latter permits only 
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3. The term strategy used in the context may be misleading 
as the model does not determine an optimal strategy for allo- 
cating a/c to missions but determines the sequence of deci- 
sions o concerning the allocation of the air resources to 
missions. 

TAWAG's biggest advantage over the other 4 described 
optimizing models is that not only multiple aircraft types can 
be played but that it makes also a wider selection of missions 
available than any other model. Further it is the only model 
besides TAC CONTENDER that distinguishes battlefield defense 
from air base defense. These two factors make it possible to 
investigate not only long-range planning concerning operational 
design of future aircraft but also to investigate trade-offs 
between air and ground systems. The analyst however should be 
aware of, as Stockfish [Ref. 19] points out, that model outputs 
must never be taken as predictive of the actual outcome of 
combat but as a means of establishing trends, relative com- 
parisons, and insights into the dynamic combat. Even when 
using the most sophisticated and detailed model, the final 


decisions have to be made by reasoned military judgement. 
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